To understand the variation of the ultrasonic signal amplitude transmitted through adhesively bonded aluminum skins, the transmission coefficient of the multilayered system were calculated. Using the model and the input signal used in the test, the transmitted signals for different metal and bondline thicknesses were predicted and compared with test results. The amplitude and spectrum of the transmitted signals were found to depend sensitively on the adhesive bond thickness. The model can actually serve as a way to determine the bondline thickness by seeking an agreement between the modeled and measured frequency spectrum of the transmitted signal.
INTRODUCTION
This work was motivated by some counter-intuitive inspection results made by industry on adhesively bonded aluminum aircraft skins. For example, the ultrasonic signal transmitted through two adhesively bonded aluminum sheets was found to be greater than that transmitted through a single sheet of aluminum. To understand such observed results, we modeled the propagation of ultrasonic waves through the metal layers and the adhesive layer as a general multi-layered system and calculated the transmission coefficient for the system. Using the actual input signal used in the tests and the modeled transmission coefficient, the amplitude and frequency spectrum of the transmitted signal were predicted and compared to the test results.
The adhesively bonded aluminum specimens consisted of two aluminum layers with a thickness range of about 0.012" to 0.045" and an adhesive layer with a thickness up to 0.020". The ultrasonic transmission measurements were made at Cessna Aircraft with a pair of 1 MHz transducers in a squirter system. Only normal incidence longitudinal waves were used. The experimental results in the form of digitized waveforms were the basis for the modeling study. An experimental "reference" waveform acquired without the presence of the specimen between the transmitter and the receiver was used as the input to the model for predicting the transmitted signal through a given bonded specimen. The transducer characteristics and system response of the ultrasonic instrument used were contained in the reference waveform. The model calculated the transmission coefficient based on the thickness of the aluminum and adhesive layers, and the material properties (density and speed of sound) of the water coupling medium, the adhesive material and the aluminum metal.
MODELING PROCESS
The process for modeling the output signal is shown schematically in Fig. 1 . The reference signal obtained in the time domain without the sample was first converted into the frequency domain by performing an FFT (see Fig. 2 ). The frequency domain reference signal was then convolved with the frequency dependent transmission coefficient for the particular bonded specimen. The result in the frequency domain was then converted back to the time domain via an inverse FFT and compared with the experimentally obtained transmitted signal. Although the counter-intuitive experimental result was first observed in the time domain, the interpretation of the physical behavior of the transmitted signal and the examination of the effects of the various layer thickness can best be done in the frequency domain.
To calculate the transmission coefficient, we expressed the longitudinal wave field in each ply as a sum of the two partial wave fields: one propagating up and one propagating down in the thickness direction. Then we used the velocity and stress continuity conditions at the interfaces to set up and solve the equations for the unknown transmission fields in the water coupling medium. Velocity continuity conditions, instead of displacement continuity conditions, were used so that the final equation can be expressed in terms of acoustic impedance, which was more compact and physically meaningful. The transfer matrix technique [1] was used to simplify the above solution process. Instead of using transfer matrix directly, we used the inverse transfer matrix to simplify the final expression [2] . Material parameters used in the calculation were: densities for aluminum, adhesive and water were respectively 2.70, 1.17 and 1.00 g/cc, and longitudinal velocities in aluminum, adhesive and water were respectively 6.40, 2.61 and 1.49mm/jLis.
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MODELING RESULTS AND COMPARISON WITH EXPERIMENT
It should be pointed out that all the experimental tests were done at Cessna and all the modeling calculations were done at Iowa State University. The specimens were not available to the modeling effort for examination; only the nominal thickness of the aluminum skins were given. The thickness of the adhesive bond is generally unknown. In fact, the ability to model and predict the amplitude and frequency spectrum of the transmitted signal served as a way to iteratively estimate the thickness of the adhesive bond in the aluminum sandwich.
Following the modeling approach shown in Fig. 1 and the input signal used in the experiment, shown in Fig. 2 , the signal transmitted through a bonded aluminum sandwich consisting of a 0.012" top aluminum skin and a 0.040" bottom aluminum skin was predicted for different adhesive bond thickness. For an assumed bond thickness of 0.023", the calculated transmission signal agreed quite well with the actually recorded signal. Figure 3 shows the comparison of the model and the experiment in the time domain as well as in the frequency domain. The peak-to-peak amplitude of the time domain signals were 2.23 volts and 2.18 volts respectively for the modeled and measured waveforms. It is actually more useful to examine the comparison of the two signals in the frequency domain as two different bond thickness may give the same peak-to-peak amplitude of the transmitted signal (see below). The slight discrepancy between the modeled and measured signals can be attributed to two main reasons. First, the properties (density and speed of sound) of the adhesive layer were not known to high accuracy, and second, the skin thickness values were nominal.
The counter-intuitive result that prompted this study was that the peak-to-peak amplitude (2.18 volts) of the signal transmitted through the bonded sandwich consisting of 0.012" Al, 0.023" adhesive bond, and 0.040" Al was actually greater than the peak-to-peak amplitude transmitted through a single layer of 0.040" aluminum. The latter was also modeled and the calculated amplitude of 1.38 volts agreed reasonably well with the measured amplitude, which ranged from 1.14 volts to 1.25 volts. The modeled and experimental signals were also in reasonably good agreement in the frequency domain. 
EFFECTS OF ADHESIVE LAYER THICKNESS
The transmission coefficient of a multi-layered system depends on frequency, the thickness of the layers and the material properties of each layer. The frequency dependence of the transmission coefficient often contain a series of resonance peaks depending on the layer thickness and material properties. For the adhesively bonded aluminum sandwich of 0.012" and 0.040" skin thickness, the transmission coefficient was calculated as a function of the adhesive bond thickness. The results, shown in Figure 4 revealed a peak in the vicinity of 1 MHz, which was the nominal center frequency of the transducers used in the experiment. Depending on the bond thickness, this resonance peak may shift upward to beyond 1.5 MHz and downward to below 0.5 MHz. Using the calculated transmission coefficient shown in Figure 4 and the input signal shown in Figure 2 , the frequency spectrum of the transmitted signal through this bonded aluminum sandwich can be calculated for different adhesive bond thickness. Figure 5 shows the results of the modeling. The four spectra in Figure 5 were for a bond thickness of 0.005", 0.010", 0.020" and 0.030", respectively. As a comparison, the frequency spectrum of the actual experimentally obtained transmission signal was also included. The same experimental spectrum was shown earlier in Figure 2 to have agreed with the calculated spectrum for an assumed bond thickness of 0.023".
The comparison between the modeled and experimental spectra has therefore demonstrated the sensitivity of the transmitted signal to the bond thickness. For this reason, the model may be used as a way to estimate the bond thickness. Using the nominal thickness of the aluminum skins and the known material properties, the frequency spectrum of the transmitted signal can be calculated as a function of bond thickness. A comparison of the calculated and measured frequency spectra and a search for the best agreement in the least squares sense can yield an estimate of the bond thickness. This capability can have practical applications for bonded aluminum skins in situations where a mechanical measurement of the total thickness cannot be easily done.
Finally, it should be pointed out that it is not sufficient to merely look at the peakto-peak amplitude of the transmitted signal in the time domain. Instead, one should examine the transmitted signal in the frequency domain. For example, in the bonded aluminum sandwich of 0.012" and 0.040" skins, the peak-to-peak amplitude of the time 
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FIGURE 6. Calculated peak-to-peak amplitude as a function of the adhesive bond thickness for the signal transmitted through the bonded aluminum sandwich with skins of 0.012" and 0.040" thickness.
domain signal was found to be non-monotonic as a function of bond thickness (as shown in Fig. 6 ). This quantity alone is therefore not suitable for bond thickness estimation. Similar calculations have also been made for thicker aluminum skins. For a bonded sandwich with 0.045" and 0.040" skins, the resonance peak was found to occur between 0.5 MHz and 1 MHz for bond thickness ranged from 0.005" to 0.020". The resonance peaks were considerably sharper than those in the thinner aluminum sandwich. As a result, the transmitted signal was even more sensitive to the bond thickness. The simple peak-to-peak amplitude of the transmitted signal was also found to be a nonmonotonic function of bond thickness.
CONCLUSIONS
The normal incident ultrasonic signal transmitted through a bonded aluminum sandwich was modeled by computing the overall transmission coefficient. Together with the input signal, the transmitted signal can be predicted. The transmission behavior in a multi-layered structure is generally complicated due to resonance. The change of individual layer thickness can shift the resonance peak position in the frequency domain and can affect the frequency spectrum and peak-to-peak amplitude of the output signal. The comparison between modeled and experimental results were made on a single 0.040" aluminum layer and on two bonded aluminum sandwiches. For the sandwiches, good agreements between modeled and experimental signals were obtained with reasonable bond layer thickness. It was further demonstrated that it was indeed possible to obtain counter-intuitive results where the transmitted signal was greater through a bonded sandwich than through a single aluminum layer.
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